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ABSTRACT OF THESIS

BACTERIAL CELL WALL CHARACTERIZATION
VIA ATOMIC FORCE AND CONFOCAL MICROSCOPY
Poor oral hygiene is a severe global health issue, with about 44% of the Earth’s
population suffering from untreated tooth decay, accounting for over $100 billion dollars
spent on dental services per year in the United States, alone. Manual treatments, such as
brushing, flossing, or swishing with antiseptic rinse are the main ways to alleviate harmful
bacteria that cause these oral health problems. Streptococcus mutans (S. mutans) is a group
of highly antibiotic, Gram-positive bacteria that heavily contribute to oral cavities, plaque
build-up, and potential loosening or loss of dental implants if a biofilm develops. Currently,
the mechanism for its antibiotic resistant properties is unknown, however, S. mutans cell
wall is complex containing multiple peptidoglycan layers of surface glycoploymers,
glycerol phosphates, and wall teichoic acids within the polysaccharide shell, providing
targets to understanding its biosynthesis pathways. By way of the Conpokal technique,
combined atomic force and confocal microscopy, this thesis work determines overall and
regional cell wall surface roughness and elastic modulus of three strains of single form S.
mutans. Examining a wildtype, a mutant type containing a glycerol phosphate
modification, and a complemented genetic control, determining the constituents that
contribute to its antibiotic resistance is studied through the link of its mechanical properties
to the biological alteration. Greater understanding of S. mutans’ cell wall biosynthesis will
aid in regulation of its properties and classification of its antibiotic resistant mechanism.
KEYWORDS: Cell Mechanics, Bacteria, Atomic Force Microscopy,
Confocal Microscopy, Mechanobiology
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CHAPTER 1. INTRODUCTION AND LITERATURE REVIEW

1.1 Biomaterials and mechanobiology
The history of biomaterials dates back to the BC era, where Egyptians would use
natural materials, such wood or animal bones and organs, to develop prosthetics to replace
parts of the body and other tissues due to loss from trauma or illness, for example, toes
might be replaced with wooden prosthetics [1]. The same foundational ideas are still used
today. In modern medicine, natural materials are even now sought out, like metals and
natural fibers, where extensive research has provided a better understanding of material
properties to enhance material efficiency and safety. For example, CoCrMo (cobalt chrome
molybdenum) alloys are highly utilized to make bone prosthetics, such as hips, because
they are strong, durable, and the chrome alloy is naturally antimicrobial which helps
prevent biological fouling of the implant, thereby making it last longer for the patient [2,
3]. Mechanobiology is a newer field of study that focuses on the interface between
engineering and biology, typically studying how forces applied to cellular, bacterial, viral,
and biological tissues changes or influences their mechanical properties, physiology, and
or their disease state. Through mechanobiology, therapeutics to fight against bacterial and
viral infections can be engineered, manufactured, tested, and implemented for patients
battling for an improved quality of life.
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1.2 Laser scanning confocal microscopy
1.2.1 The first microscopes
Towards the end of the 16th century, Dutch eyeglass craftsmen Hans Janssen and his
son, Zacharias, developed a two-lens microscope by combining an objective lens and an
eye lens, or ocular, to view objects through at a higher magnification [4]. Not too far after,
in the middle of the 17th century, British scientist Robert Hooke designed a sophisticated
two-lens microscope (Figure 1.1) he used to study microorganisms and published
Micrographia, his historically celebrated manuscript on his observations under the lens he
engineered [5]. Since those early days of microscopy, today’s modern science possesses
many modern microscope techniques, widely used across many scientific fields, that trace
back to the original roots of Janssen and Hooke.

Figure 1.1 The first microscope. Robert Hooke’s first microscope. (Modified from Hooke,
1665 [5].)
2

1.2.2 Modern microscopy applications
Stereo microscopy, compound microscopy, light microscopy, fluorescence
microscopy, phase microscopy, light sheet microscopy, confocal microscopy, electron
microscopy, and probe microscopy have expanded experimental realms to achieve great
findings in the science, engineering, mathematics, technology, and medical fields. Stereo
microscopy is commonly used in digital image correlation experiments to measure the
stress and strains in a sample through the use of speckled patterns added to observe
movement optically [6]. Fluorescence microscopy is exceedingly useful in the biology field
to observe cellular movement and development [7, 8]. Light sheet microscopy is commonly
practiced to experiment on embryonic development, specifically in zebra fish samples due
to their transparent exterior providing a window to view organ and tissue development [9,
10]. Probe microscopy, the youngest of the microscopic techniques, has provided new
insight in many fields providing a platform to investigate morphology and mechanics of
samples, such as in cell elasticity across different cell lines [11]. Microscopy is found in
many fields to research and develop a deeper understanding of biology, medicine,
physiology, chemistry, as well as how to improve life for the sake of illness, the
environment, and the future well-being of humanity.

1.3 Confocal laser scanning microscopy
The confocal laser scanning microscope (CLSM) was invented and implemented into
experimental research in 1955 [12-14]. What sets CLSM apart from other microscopy
techniques is its ability to optically section a sample to render three-dimensional (3D)
images in high resolution. This ability is especially useful for small, complex biological
3

samples. CLSM, in this manner, offers a “window” to view cells, bacteria, organelles,
cytoskeletal features, and more in their true 3D structure. By use of lasers to excite the
fluorophores in the dyes of the sample and a pinhole, which monitors the amount of light
entering the sample, detailed, area-specific 2D and 3D images are collected. As the pinhole
size is reduced, to limit the amount of light, the axial and lateral resolution greatly increase,
however, at the loss of sample signal. Yet, the CLSM is a widely used and trusted
instrument for the fields of food science [15], pathology [16], medical engineering [17],
and much more.

1.4 Atomic force microscopy
1.4.1 Invention of scanning probe microscopy
Prior to the early 1980s, optical and electron microscopy were the most successful
ways to observe and view small objects and samples. From the invention of the oil
immersion objective, scientists could see up to 100X in magnification through optical
microscopy and much smaller with the invention of the scanning and transmission electron
microscopes. Although these techniques were heavily used, and still are today, only
microscope image analysis was available to collect morphological and chemical sample
properties within the limits of the objective. It was not until 1982 that two prominent IBM
researchers, Gerd Binnig and Heinrich Rohrer, had a novel idea to design, develop, and
manufacture an instrument for imaging samples at the atomic level. This scanning
tunneling microscope (STM) was invented to allow scientists to “see” surfaces on the
micro-, nano-, and atomic level through a technique known as scanning probe microscopy
(SPM). The premise of the instrument is to lower a fine tip attached to a piezoelectric tube
4

towards a sample surface. A voltage is applied between the tip and the surface which
generates electrons that flow, or tunnel, through the vacuum. As the tip moves across the
sample surface, changes in sample height or density disrupts the tunneling electron current,
measurable by the device. The changes in the sample’s features that affect the current
generate an image [18-21]. The STM invention won the two scientists the Nobel Prize in
1986 and also inspired the development of the atomic force microscope. STM is one
technique of SPM, which serves as a branch of probe microscopy methods.
Atomic force microscopy (AFM) was an invention launched in 1985 by Binnig,
and the first experiment performed on the instrument was done by Binnig, Quate, and
Gerber, studying atomic properties of insulator and conductor material [22, 23]. The AFM
offers high-resolution non-optical microscopy through the function of scanning a surface
with a probe, in which a laser on the back side reflects off and onto a photo detector to
measure minute deflections in the cantilever as the tip scans the sample surface. From this
data, both non-optical images and force-deflection data can be obtained to investigate the
morphology and mechanical properties of the sample. Resolution for the AFM has been
demonstrated on micro- and nano-scale samples offering more than 1000 times better than
the optical diffraction limit [24].
SPM today includes not only AFM and STM, but also scanning probe
electrochemistry [25], fluid force microscopy [26], magnetic resonance force microscopy
[27], scanning thermal microscopy [28], scanning resistive probe microscopy [29], charge
gradient microscopy [30], among others. The addition of capturing mechanical properties
with depictive and descriptive high-resolution images has extended the capabilities of
scientific experiments and their impact. Similar to the fields of other microscopic
5

techniques, AFM aided with development in the field of metal characterization [31, 32]
and mechanobiology [33].
1.4.2 AFM instrumentation
The AFM is a highly delicate and intricate piece of experimental machinery. The
main concept of its function is to gently scan over a sample surface with a small tip that
records force and position data with the help of a laser and photodiode. The tip is grown
off of or adhered to a cantilever, attached to the AFM chip base. The cantilever scans over
the sample, with the tip in contact, at a user-defined speed and depth. As the system moves
across the sample, the tip rapidly contacts and retracts from the sample surface, in which
the laser observes a bending motion that is tracked via the photodiode. The contact and
retract motion of the tip is recorded into force-deflection graphs that show approach and
retraction curves, which can be analyzed for stiffness and adhesion properties.
Additionally, the collected AFM images also provide surface roughness and height data to
better characterize the morphology of a sample. AFM is discussed more in-depth in
Chapters 2, 3, and 4 of this thesis.

1.5 Conpokal Technique
The Conpokal technique combines these two aforementioned experimental
techniques, confocal microscopy and atomic force microscopy, into a single instrumental
platform, explained in-depth in Chapter 2 [34]. Through combining the instrumentation,
near-simultaneous confocal image and force data collection is possible for the same feature
in a sample. The Conpokal technique provides advantages that one instrument on its own
cannot achieve. For example, an experimentalist can collect cytoskeletal structural
6

information and images through the use of fluorescent dyes to observe the cell membrane
and organelle features, before, during, and after mechanical probing with the AFM. The
instrumental setup provides a platform to test live samples in both wet and dry
environments, a benefit that not many techniques possess. Additionally, the CLSM into the
platform gives the user another perspective to lowering the scanning tip towards the sample
by use of the microscope’s brightfield optics. This alternative helps avoid crashing into the
sample which can cause both damage to the sample itself, but also the delicate AFM tip.

1.6 Overview of the thesis
The scope of this thesis covers the nano-contact mechanical properties of bacterial
cell walls, focused on three strains of oral Streptococcus mutans (S. mutans) bacteria.
Chapter 2 explains the Conpokal experimental testing procedure and instrument, which is
a portmanteau of the confocal and atomic force microscopy combined device, to image and
“poke” samples. The surface roughness and morphology are examined and compared for
the three strains of S. mutans in Chapter 3. Similarly, the Young’s modulus is compared in
Chapter 4, along with a discussion on mechanics of deformation and beam bending in
regard to the atomic force microscope. Chapter 5 includes a summary of the thesis,
discussing the final conclusions of the experimental study. Finally, Chapter 6 contains
exploratory work and the future directions for the Conpokal technique.

7

CHAPTER 2. SAMPLE CULTURE AND CONPOKAL TECHNIQUE

2.1 Chapter 2 introduction
This chapter describes the experimental procedures for sample culture and
preparation, Conpokal set up, operation, and clean up, and post processing for collected
data. Conpokal combines atomic force and confocal microscopy into a single-instrumental
platform. The main advantage of the Conpokal technique is to operate the two instruments
at near-simultaneous function for confocal image investigation of cytoskeletal and other
cellular processes before and after area-specific mechanical property AFM probing.

2.2 Bacteria sample culture
Streptococcus mutans (S. mutans) bacteria samples were cultured for Conpokal
testing. The samples were specifically prepared in their exponential phase, which promotes
bacteria to reproduce in a quick manner, maximizing surface area spread [35]. Collection
of single-bacteria mechanical properties requires samples prepared such that a bacterium
can be found surrounded mostly by substrate material, in this case, glass.
Bacteria stock solution is first inoculated into 15 mL Todd Hewitt Yeast (THY)
(30629692-1), using an inoculation loop, for 24 hours, in a 5% CO2 incubator. One hour
prior to the end of incubation, glass-bottomed, World Precision Instruments (WPI) GlassBottomed Petri dishes (FD35-100) are coated with enough poly-l-lysine solution
(MFCD00165424) to cover the glass bottom (about 1 mL) inside of a biosafety cabinet.
The dishes are left in the cabinet for one hour to set, which increases the number of
positively charged sites on the glass substrate to attract negatively charged ions located on
8

the outside of the bacterial cell membrane. After setting, the poly-l-lysine solution is
aspirated, and each dish is washed three times with phosphate buffered saline (PBS)
(MFCD00131855). The poly-l-lysine step is imperative to immobilize the bacteria cells
onto the glass substrate. Without proper immobilization, the bacteria samples tend to either
continue growing and reproducing and or translocate in the dish, which can make probing
for mechanical properties challenging.
Following the 24 hours of incubation, THY is inoculated with the 1 mL of the
bacterial suspension until an optical density of 0.6 – 0.7 is reached using a
spectrophotometer. Typically, 3 mL of THY and 1 mL of bacterial suspension are
combined for each sample. For each poly-l-lysine coated dish, 1 mL of the new bacterial
solution is added, then incubated for 1 hour in a 5% CO2 incubator. During the last 10
minutes of incubation, 1 mL of Bodipy Vancomycin (V34850), a green, fluorescent
membrane stain, is injected into each sample dish. After the final 10 minutes of incubation,
each dish is rinsed three times with PBS. Finally, the bacteria are gently fixed with 1 mL
of 4% paraformaldehyde solution (MFCD00133991) for 15 minutes inside of a biosafety
cabinet, at room temperature. After fixation, each sample dish is rinsed three times with
PBS. Fixation is an important step in the sample preparation procedure to encourage
sample cross-linking and prevent sample decay. Paraformaldehyde was selected
specifically to gently fix the sample and discourage movement.
The S. mutans samples are transferred to the Conpokal dry, meaning, with no excess
liquid, inside of a container that keeps light out to preserve the fluorescent stain. Just before
performing Conpokal, the sample dishes are filled about halfway full of PBS to perform
the experiments in liquid, which helps mimic a biological environment.
9

2.3 Conpokal setup
The Conpokal instrument intricately combines both the inverted laser scanning
confocal microscope with the AFM into a single platform, placed on top of an optical table,
and encased within an acoustic chamber to reduce external noise caused by light, vibration,
or sounds from the room. Figure 2.1A is a schematic of the Conpokal technique, depicting
how the inverted confocal microscope and the AFM tip interact with the biological sample.
Figure 2.1B is an image of the Conpokal inside of the acoustic chamber. To run an
experiment, first, all power sources for the both the confocal and the AFM are turned on at
least 1 hour prior to scanning to allow sufficient time for the instruments and other
peripherals to thermally stabilize. Data storage folders are created on both hard drives for
the separate confocal and AFM computers, named with the date of the experiment.
The samples are prepped by filling the dishes halfway full of PBS, cleaning the
glass bottom using lens cleaner and wipes, and then set in a dark place until needed.
Additionally, a clean, WPI, glass-bottomed Petri dish is obtained and filled halfway full of
PBS. The purpose of this dish is to aid in calibrating the AFM cantilever in the same
mimicked, liquid environment as the samples. This dish is essential so that the system
calibrates the cantilever according to the scanning medium and its specific fluid properties
that act on the cantilever. It is important that the liquid is clear and has low autofluorescence
to avert interference within the confocal.
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Figure 2.1 Conpokal instrument. (A.) Schematic of the Conpokal technique. (B.) Image of
instrument setup. (Reproduced from Sandin et al [34]).

2.4 Operation of AFM
The first step in operating AFM is to calibrate the instrument and the chosen AFM
cantilever. First, a low magnification air objective, 10X or 20X, is rotated into the
microscope system. A cell dish heater is inserted into the AFM platform to help mimic a
biological environment and keep the sample at 37 ˚C. Vacuum grease is added to the
sample dish holder insert and the previously prepared Petri dish filled with PBS, to help
calibrate the AFM tip, is placed into the stage, and adhered via the grease.
The key to selecting an AFM cantilever for a given sample is to match the stiffness
of the material to the stiffness of the cantilever, which is essential when measuring elastic
modulus [36]. Tip geometry may also be a factor when deciding what sort of data is desired.
Sharper tips offer a small contact area and deeper indentation depth, resulting in small
details and features for mapping surface morphology and understanding surface roughness.
11

Yet, sharp tips pose a threat in possibly puncturing the sample. Tips that have a larger
contact surface area are better for collecting localized sample properties, such as Young’s
modulus, but are poor for mapping surface details and features. For the S. mutans sample,
Mikromasch HQ: CSC17/Cr-AU BS tips with a stiffness of 0.18 N/m were used. These
tips were selected for their rectangular cantilever geometry, which allows for non-contact
calibration, and for their stiffness value that is set to generally match the stiffness of the
bacteria [37]. Due to the small size of the tips, scanning electron microscopy (SEM) was
performed to better observe the components of an AFM probe (Figure 2.2). The main
components of an AFM probe are the AFM chip, the AFM cantilever, and the AFM tip.
This particular tip has a parabolic geometry, with a manufacturer’s measured tip radius of
8 nm. Sharp tips, such as these, are primarily used to observe a sample’s surface
morphology and surface roughness. These types of tips can also collect local elastic moduli
values, as opposed to general surface moduli. However, regardless of tip geometry, probes
are susceptible to breakage and blunting during experimentation, either via user error in
which the probe is crashed into the sample or through wear and tear. In some experiments,
a blunted tip is a desirable quality. In particular, pre-blunted pyramidal tips can be used to
measure mechanical properties and obtain images of cells [38-40]. Although, a blunted tip
may change the value of the calculated quantity. For example, if the tip radius was reduced
or increased by 10% due to blunting, the apparent elastic modulus can vary by about 5%,
which equates to about 0.4 MPa for S. mutans bacteria (using the data from the experiment
in this thesis that is discussed in depth in Chapter 4). Scanning over soft samples, such as
the bacteria discussed in this thesis, will not blunt the AFM tip. The biggest potential for
tip blunting is when the tip contacts a hard surface [41], such as the glass surface of the
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Petri dish, which happens minimally. For the surface roughness and elastic modulus
experiments mentioned in Chapters 3 and 4, the order of scanning for the three strain types
was varied so as to not influence one strain over the other in the case of AFM tip blunting.

Figure 2.2 AFM probe. SEM images of an AFM probe after experimentation showing (A.)
the entire probe and its components, (B.) a closer view of the cantilever from (A.), and (C.)
a closer view of the tip from (A.) and (B.). (Images captured by Nicolas Briot of the
University of Kentucky.)
Once the AFM tip has been selected, the AFM chip mounting stage, glass block,
rubber-tipped tweezers, and screwdriver are used to mount the AFM chip onto the glass
block. The placement of the tip is exceedingly important. The AFM laser needs to hit the
reflective backside of the tip through the non-opaque portion of the glass block, otherwise,
poor signal will reach the photodetector and construe the system. Once the AFM tip is
secure, the glass block can be placed in the AFM head. The AFM head is placed on top of
13

the stage in the proper depressions to ensure stability of the AFM head and precise
movement of the z stepper motors. Using brightfield microscopy, the location of the glass
on the bottom of the calibration dish is determined and noted as a reference point for the
distance between the sample and the objective. This value helps avoid crashing any part of
the system, potentially causing damage.
To avoid potential AFM tip damage, it is important to move the tip away from the
sample by 2000 µm. This step ensures that if the last user forgot to back out the tip, there
will be less of a chance of damaging it. After backing out, the tip can be slowly lowered
into the dish, while carefully watching for shadows to appear in the microscope view. By
lowering in steps of 100 – 200 µm, potential tip crashing can be avoided. As the shadow
becomes darker, the manual micrometers on the AFM head that control the x-y position of
the tip are adjusted such that the tip is centered. The look up tables (LUTs) on the
microscope are corrected periodically to adjust the light as the tip comes closer towards the
objective. Steps are decreased to 20 – 50 µm until the tip appears blurry but has not yet hit
the glass bottom. On the z stepper motor panel, note the distance that was traveled to reach
this field of view. Now, the AFM laser can be moved to the backside of the cantilever, with
the laser alignment dials, to where the tip is expected to be, according to the manufacturer.
By viewing the laser alignment panel sum signal value, the laser can be moved in all
directions to maximize. For these tips, a typical sum signal value ranges between 1.5 – 2.5
volts. After the maximum sum signal is achieved, the vertical and lateral deflection of the
photodetector is zeroed, and target centered with the manual dials.
Next, the calibration window is opened, and all experiment specific information is
entered. This window is where it is specified that the experiment is in water, the sample is
14

at 37 ˚C (about body temperature, heated with the cell dish heater), and the manufacturer’s
dimensions for the cantilever are entered. Once the calibration is prepared, the acoustic
chamber is shut and the LED light source from the microscope is turned off, to mitigate
noise that could interfere with the calibration. After pressing calibrate, the system will take
a few moments to collect data and then provide the stiffness (N/m) and sensitivity (nm/V)
of the cantilever. These are noted for later post processing analysis. It is important to
remember that the stiffness determined should be close to that of the manufacturer’s
designation.
The tip is retracted 2000 µm with the z stepper motors, and then the AFM head
removed so that the sample dish may be placed. At this time, an oil objective, typically
60X or 100X, is rotated into the microscope. Oil and grease are added and then the sample
is placed and fit snug with the seal from the grease. Slowly, the objective is raised to the
bottom of the glass until the oil wicks over, then the focus knob is adjusted until bacteria
can be seen defined and clear in brightfield microscopy. The AFM head is replaced, and
the tip is slowly lowered into the sample, repeating the same step sizes and procedure as
before. However, it is important to note that grease and oil was added, so the value noted
from before is only for reference. Before taking any microscope images, the current
attenuating light filter is replaced with a filter that blocks the wavelength of the laser light
from the AFM. From the calibration, a good starting set point, z length, and pixel time
should already be set and prepped to complete an automated approach to the glass.
Depending on the sample, these values may need to be adjusted to have a successful
approach. The area scan size is set and the image resolution. Once the tip reaches the
sample surface, the scan option is selected to begin collecting data. After the area of interest
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is done scanning, the AFM tip is lifted up and away from the substrate 20- 50 µm and then
the navigational motor control panel is used to find the next location of interest.

2.5 Operation of confocal
Operation of the confocal microscope requires mindfulness when it comes to
imaging fluorescent samples. It is important to keep the sample in a dark place until usage
and monitor the amount and intensity of light once placed into the instrument to avoid
sample bleaching. For S. mutans samples, a 60X oil objective is employed. Vacuum grease
is utilized to ensure a firm seal and limit Petri dish movement or vibration. Brightfield
microscopy is first used to locate the sample. With the focus knob, an area of interest is
found, typically containing multiple cells. Brightfield and FITC channel, epifluorescence
images are captured of the area of interest.
Laser scanning images and z stacks can be obtained by initiating the microscope’s
lasers and related parameters. The FITC filter cube is selected to illuminate the sample and
begin confocal scanning. Value adjustments are made to the confocal gain, laser power,
pinhole size, and pixel dwell time to maximize the signal, but reduce noise which can cause
over saturated pixels. Typically, the Nyquist option is employed to use a calculated
sampling rate. After optimizing, 2D confocal images are collected using the systems’
capture option. 3D z stacks are obtained using the software’s volume collection tool. To
collect the volume projections for the bacteria, a top-to-bottom option is applied, in which
the focus knob is used to locate the top and bottom planes of a bacterium, then, the number
and size of steps is defined, and the z stack collection can begin. After collection is
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complete, the file is saved as a 3D image and the maximum intensity projection can be
extracted.

2.6 Conpokal clean-up
After all experiments have been ran, first ensure that all desired data files are saved in
their proper locations on each computer. The AFM chip is retracted 2000 µm, using the z
stepper motors, and the AFM head is manually removed from the stage. The microscope
objective is backed away from the backside of the sample dish, to avoid damaging it when
removing the sample. After removing the sample, the glass bottom is cleaned with lens
cleaner and wipes. A new, clean Petri dish is obtained and filled with 70% ethanol solution
to half-full and then placed in the sample holder. The AFM head is replaced, with the AFM
chip still in, to submerge it in the ethanol solution for five minutes, thereby, sanitizing the
AFM chip, cantilever, and tip. While the AFM chip is soaking, data from both computers
is collected onto an external hard drive. After the five minutes, the AFM head is put back
in its resting place and the solution and Petri dish are properly disposed. The AFM chip
holder is retrieved from the AFM head, placed into the mounting block, and the AFM chip
is removed using the rubber-gripped tweezers to be placed back into its box. It is important
to place the tip off-axis from its original orientation to signify that it has been used. The tip
number is noted for future use and information about the respective experiment. Lens
cleaner and wipes are used to gently clean the oil from the microscope objective and grease,
or excess oil, is cleaned from the sample holder. Waste materials are disposed of following
biosafety and standard protocols. After the data is finished copying onto the external
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device, the instruments and peripherals are powered down in the opposite order from which
they were turned on and all tools are put back in their designated locations.

2.7 Data processing
Post processing for collected Conpokal data involves the usage of ImageJ for confocal
images and the JPK data processing analysis software for AFM data. The confocal images
provide cell structure visuals from the fluorescent stain and the AFM data is resolved to
collect surface roughness and Young’s modulus mechanical properties. The data analyzing
processes are described in Chapters 3 and 4 of this thesis.
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CHAPTER 3. SURFACE ROUGHNESS BY STRAIN

3.1 Chapter 3 introduction
Streptococcus mutans (S. mutans) is a group of Gram-positive, facultatively
anerobic, cocci bacteria that contribute to poor oral hygiene; which persist as a global
epidemic [42]. Plaque build-up, difficultly chewing, and cavity formation are only a few
of the causes in cases of high S. mutans potency [43]. Patients with dental implants are at
high risk for developing a biofilm, potentially causing any combination of swelling, pain,
and even loosening or loss of their implant [44]. S. mutans are highly antibiotic resistant
[45], making the infections caused by the bacteria incessant and difficult to treat. As oral
decay continues to be highly prevalent, and dental implantation becomes more necessary,
it becomes equally as important to study S. mutans and characterize their antibiotic
resistance in order to develop therapeutic targets for infection alleviation. By altering the
cell wall polysaccharide, the biosynthesis pathways of the bacteria are affected. These
pathways may contribute to insight on the opportunities for therapeutics. The cell wall of
S. mutans consists of peptidoglycan layers and wall teichoic acids with surface glycolpolymers encased in the polysaccharide capsule. Strains of S. mutans that are naturally
occurring and deficient in cell wall properties are compared, by use of the Conpokal
technique [34].

3.2 Wildtype, mutant type, and complemented forms of Streptococcus mutans
The bacteria samples in this work were generously donated from and cultured by
Dr. Natalia Korotkova in the Molecular and Cellular Biochemistry department at the
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University of Kentucky. Three strains of S. mutans, wildtype (WT), mutant type (MT), and
complemented (Comp), were grown according to the procedure described in Section 2.2 of
this thesis. The wildtype strain is the naturally occurring form, the mutant type is deficient
in cell wall components, in this case, glycerol phosphates, and the complemented form acts
as a genetic control for the experiment [46]. The objective is to obtain the surface roughness
of each strain type and compare to see if the gene deletion that removes glycerol phosphates
from the cell wall modify the morphology and surface roughness respective to the three
strains and contribute to the antibiotic resistance properties of the bacteria.

3.3 Conpokal of samples
Using the Conpokal method, fluorescence images, non-optical images, and forcedeflection data of single bacteria samples were successfully obtained.
3.3.1 Confocal microscopy
The confocal microscopy procedure described in Section 2.5 of this thesis was
followed for collection of brightfield, fluorescence, and confocal images of the S. mutans.
When observing the samples through epifluorescence, the FITC filter cube is used as the
Vancomycin stain fluoresces in the green spectra, which stained the cell wall of the S.
mutans samples. This step using confocal microscopy in the procedure is to confirm the
presence of the bacteria within the sample dish before employing AFM.
3.3.2 AFM
The AFM procedure described in Section 2.4 of this thesis was followed for the
surface roughness measurement experiments. We employed the Quantitative ImagingTM
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mode (QITM mode), specific to the JPK-Bruker system, on planktonic S. mutans.
Mikromasch, HQ:CSC17/Cr-Au BS tips were used, with tip radius of 8 nm, force constant
of 0.18 N/m, and resonance frequency of 13 kHz to complete bacteria scans and data
collection. Throughout the entirety of the experiment, the average cantilever spring
constant was 0.336 ± 0.05 N/m, and the average sensitivity was 37.0 ± 2.2 nm/V. Samples
were collected at 2048 Hz.
Our specific procedure cycles through a series of scans that contain a first scan, 5
µm by 5 µm containing multiple bacteria, a second scan, 1.5 µm by 1.5 µm containing a
single bacterium, and a third scan, 300 nm by 300 nm on top of the respective bacterium,
to only scan over cell wall material. This procedure is repeated in three to five different
locations in each sample dish, per experiment. By conducting this series of experiments,
force curves are collected that allow for the extrapolation of measured height values,
surface roughness, and elastic modulus. Proper culture technique, effective sample
preparation, and consistency are necessary for performing successful confocal and atomic
force microscopy. Poly-l-lysine is used to immobilize the bacteria, and paraformaldehyde
encourages samples cross-linking.

3.4 JPK-Bruker data processing
Once all scans using the Conpokal instrument have been completed, the collected
images can be processed using the JPK-Bruker data processing software. The experiment
is designed to be highly selective in determining our dependent variable, surface roughness.
Collection of the 1.5 µm by 1.5 µm scan is useful for generation because the software
provides the option to overlay scans, if the user performed multiple scans in the same x-y
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plane, as figured by the instrument. Additionally, the same technique is used to place the
selected 150 nm by 150 nm region on top of the 300 nm by 300 nm AFM scan (this can be
seen Figure 3.3). 150 nm by 150 nm regions were selected to analyze for surface roughness
to account for about 25% of the visible cell wall, as “seen” by the AFM, in the 300 nm by
300 nm scans. Each bacteria scan image (that is, the 150 nm by 150 nm scans) undergoes
polynomial surface subtraction and independent line fits [47]. First the image is opened,
and a second-order polynomial surface subtraction is applied. This subtraction is used to
account for the curvature of the cell wall envelope of the bacteria. Then, a first-order
polynomial fit is subtracted from each line scan independently to resolve a high-resolution,
non-optical image of the bacteria’s surface. This line fit corrects for offset within the image,
line by line, to extract the significant offsets between each line scan. From these applied
functions, the JPK processing software calculates the average roughness for each scan. The
surface roughness data can be represented by the average roughness (Ra) or the root mean
square roughness (RMS). Ra is simply the average of the peaks and valleys measured
heights and RMS is calculated as the arithmetic mean of the squares of the peak and valley
measurements. The roughness is determined by the distance between the peaks and valleys
on the surface. The larger the distance, the rougher the surface and the smaller the distance,
the smoother the surface.
A schematic of the instrument setup and its capabilities with this experiment is
noted in Figure 3.1 which includes scans from the experimental procedure. The postprocessing image can be viewed from the inset image in Figure 3.1E. The scans depict the
reduction in scan area to probe completely on top of the bacterial cell wall, with no glass
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substrate present in the final 300 nm by 300 nm scan. Again, note that these samples were
scanned in PBS to simulate an in vivo environment.

Figure 3.1 AFM on S. mutans. Figure showing (A.) schematic of combined AFM and
inverted laser scanning confocal microscope experimental setup, (B.) AFM scans
overlayed on optical microscopy image of bacteria, depicting digital DirectOverlay™
capabilities, (C.), AFM image of multiple bacteria from (B.), (D.) higher resolution AFM
image of single S. mutans bacteria from (B.) and (C.), and (E.) the final single bacterium
scan from (D.) with 300 nm by 300 nm scan on top of bacterial cell wall.
3.4.1 Surface roughness by strain
After scanning 128 times over 24 sample dishes of the three strains, Figure 3.2 was
generated. The figure contains Ra data in varying locations on top of the surface of the
bacterium cell wall for wildtype, mutant, and complemented strains, respectively, as
denoted by the individual dots. Each 150 nm by 150 nm cell wall scan is at a pixel
resolution of 256 by 256 pixels, accounting for 65,536 measures of comparative roughness.
Ra for each dot in Figure 3.2 is the average of 65,536 measurements, that is, the Ra for the
wildtype strain, because there are 32 iterations included, represents 2,097,152 roughness
measurements. Ra for wildtype is 1.71 ± 0.4 nm with 32 iterations. Ra for mutant type is
1.88 ± 0.6 nm with 28 iterations. Ra for complemented type is 1.53 ± 0.2 nm with 30
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iterations. Data are expressed in the form of Ra ± standard deviation, for each strain,
respectively. Therefore, all three strains had calculated Ra values on the order of 2 nm. A
Student’s t-test with significance of p < 0.05 was applied to all relationships between the
three strains and two significant relationships were determined: the first between WT and
Comp, and the second between MT and Comp. From the statistical analysis, Table 3.1 was
generated. Therefore, it can be concluded, from Figure 3.2 and Table 3.1, that the
complemented bacterial strain had statistically smoother cell wall than compared to the
wildtype and mutant type forms.

Figure 3.2 Ra, overall. Ra for wildtype, mutant, and complemented S. mutans strains,
respectively. Horizontal bars represent the mean. Error bars represent the standard
deviation. Asterisks represent significant relationships based on Student’s t-test evaluation
for p-value < 0.05.
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Table 3.1 Ra, overall, p-value table. P-value table depicting significant relationships based
on Student’s t-test. Light red relationships show population overlap of less than 0.05, dark
red relationships show population overlap of less than 0.01, and blue shows relationships
with no significance.

WT
MT
Comp
Iterations

WT
x

32

MT
Comp
0.193 0.0219
x
5.60E-03
x
28
30

Some example scans were selected to assemble Figure 3.3. 3.3A, D, and G are AFM
scans of wildtype, mutant, and complemented bacteria cells, respectively. Each has a 300
nm by 300 nm AFM scan overlayed on the 1.5 µm by 1.5 µm scan. Additionally, the 150
nm by 150 nm region analyzed by the JPK software is seen in the smallest overlayed black
box. Figure 3.3B, E, and H show the 150 nm by 150 nm regions for wildtype, mutant, and
complemented strains, respectively, with a line scan placed at the horizontal center to
extract the varying roughness plots, which were plotted in graphs of height (nm) vs distance
(nm) for the three strains, respectively, in Figure 3.3C, F, and I. The figure contains surface
roughness patterns for each of the strains, giving light to their varying morphologies due
to the microscale and nanoscale changes from the glycerol phosphate modification in the
peptidoglycan cell wall layer. Figure 3.3C, 3.3F, and 3.3I images clearly show the varying
cell wall roughness across 150 nm by 150 nm sections of wildtype, mutant, and
complemented S. mutans samples, respectively. The three surface roughness plot images
are on the same scale which shows the varying degree of roughness due to adaptations
taken to culture the bacteria samples. Also viewed from Figure 3.3A, 3D, and 3G is the
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varying morphological structures of the three strains. The wildtype and complemented
forms of the S. mutans appear to be more oval shaped and oblong, whereas the mutant type
exhibits a rounder or more spherical cell wall structure due to the glycerol phosphate
modification.

Figure 3.3 Height maps and surface profiles. Height map scans (A, D, G,) surface
morphologies (B, E, H), and lines scans (C, F, I) for wildtype, mutant, and complemented
S. mutans cell walls, respectively.
3.4.2 Surface roughness by strain and region
After completing experiments and data processing, patterns from the data collection
were revealed that AFM scans occurred in two main regions on the cell wall. A hypothesis
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was developed that perhaps specific regions on top of the cell wall would attribute to
different values for roughness. Bacteria reproduce through a process called binary fission
[48, 49]. In this process, the bacteria cell will duplicate its genetic material, or
deoxyribonucleic acid (DNA), and divide into two parts, by cytokinesis, where the original
cell will keep one copy of the DNA and the new part receives the other [50]. In standard
reproduction, the cell will begin to duplicate near the septum, or center of the cell, and as
the two separate, new annuli are formed until the new poles separate and become two
different cells with the same DNA. The idea that one side of the original cell is “older”, or
the “mother” pole developed the hypothesis that the “older” or “outer” cell wall may have
different surface roughness than the “newer”, or “daughter” pole, such that the “newer”
cell wall has less roughness [49]. This process can be seen in Figure 3.4, below.
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Figure 3.4 Binary fission. Schematic of binary fission in bacteria representing possible
aging factors, which may alter defense systems (M) and growth systems (G) (modified
from Nystrom et al [49]).
Therefore, the experiment was modified to explore regions on the bacteria that
helped avoid biases. The focus was to examine the region that lies between a bacterium
septum, where binary fission occurs, and the bacterium annulus, where binary fission
began. Figure 3.5 shows an illustration of these regions for better understanding. It is
important that the scans do not contain septal regions or annuli to avoid skewing the data
while focused on characterizing the smooth cell wall near the poles of the bacterium, which
will be referred to as an “outside” scan, and in between the septum and annulus, which will
be referred to as an “inside” scan.
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Figure 3.5 Cell wall surface regions schematic. Illustration of S. mutans bacteria showing
areas in which included outside scans, those near the poles, and inside scans, those in
between the septum and annulus.
From these experiments, 32, 28, and 30 successful scans were achieved for WT,
MT, and Comp, respectively. The breakdown for the number of outside/inside iterations
for the three strains, are 20/12 (WT), 13/15 (MT), and 16/14 (Comp). Figure 3.6 contains
the Ra for outside and inside scans of each strain. The error bars represent the standard
deviation, and each dot is one iteration from the successful scans. Some scans from the
experiment were not used and deemed unsuccessful. The reasons for unsuccessful scans
were due to poor tip to sample contact causing distortion in the scan, only collecting a
fraction of a whole bacterium during scanning, or AFM on areas of clustered bacteria cells.
The goal was to achieve single bacteria cells directly on top of glass substrate to measure
the mechanical properties of the single cell, unaffected by others or debris. It is possible
there is potential biasing because some data was unused, in the manner that bacteria tend
to cluster, eventually leading to biofilm development, yet this experiment focused on single
bacteria cell wall mechanics. The figure supports that the microscale and nanoscale cell
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wall modifications do have an effect on the cell wall roughness for the strains, and, further,
it can be distinguished that, based on Ra, the outside regions on a bacterium appear to be
rougher on average. This notion hypothesis, that outer regions are rougher than inner
regions of bacterial cell wall material, was evaluated using statistical analysis. Using the
Student’s t-test, the relationships in Table 3.2 were determined. Ra for wildtype outside is
1.77 ± 0.4 nm with 20 iterations and 1.62 ± 0.3 nm with 12 iterations for inside. Ra for
mutant type is outside is 2.11 ± 0.7 nm with 15 iterations and 1.62 ± 0.4 nm with 13
iterations for inside. Ra for complemented is outside is 1.58 ± 0.2 nm with 16 iterations
and 1.48 ± 0.3 nm with 14 iterations for inside. Using a Student’s t-test, relationships
depicting no significance, p-values of less than 0.05, and p-values of less than 0.01 were
determined, represented in Figure 3.2. From Figure 3.6 and Table 3.2, we conclude that the
outside wall portion of the mutant type strain was statistically rougher than compared to
the inside wildtype, the inside of the mutant type, and both regions in the complemented
form. Additionally, the inside region of the complemented form was statistically smoother
than the outside of the wildtype form. The pairwise comparison of outside regions to inside
regions, within one strain type, varied in statistical analysis. For the wildtype and
complemented strains, no statistical significance was determined. The only relationship
that resolved significance was within the mutant strain. Due to the gene deletion, perhaps
the biosynthesis pathway for DNA reproduction has altered how the cell wall forms in
mutant type, which may also explain why the bacteria form a rounder single cell, as
compared to the oblong shape in the wildtype and complemented form. Future work on
this pairwise comparison of outside and inside regions of the cell wall may be supported
by observing reproduction times and counts. For example, a future experiment might be to
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observe colony forming units within the sample dish at different times during incubation
for the three strains, to see if the gene deletion in the mutant strain causes a faster or slower
reproduction rate, affecting the cell wall surface roughness and morphology.

Figure 3.6 Ra, regional. Ra for outside and inside wildtype, mutant, and complemented S.
mutans strains, respectively. Horizontal bars represent the mean. Error bars represent the
standard deviation. Asterisks represent significant relationships based on Student’s t-test
evaluation for p-value < 0.05.
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Table 3.2 Ra, regional, p-value table. P-value table depicting significant relationships based
on Student’s t-test. Light red relationships show population overlap of less than 0.05, dark
red relationships show population overlap of less than 0.01, and blue shows relationships
with no significance.

WT out
WT in
MT out
MT in
Comp out
Comp in
Iterations

WT out
x

WT in
0.267
x

MT out
0.0689
0.0346
x

20

12

15

MT in Comp out Comp in
0.301
0.0709
0.0173
0.995
0.681
0.237
0.0366 6.20E-03 3.60E-03
x
0.723
0.299
x
0.220
x
13
16
14

3.5 Chapter 3 conclusions
The experimental procedure using the Conpokal technique proved to be successful
for AFM and confocal data collection of S. mutans bacteria. Using the collected data, cell
wall characteristics from the three strains provided significant information about the
roughness and regional roughness of wildtype S. mutans as compared to two modified
strains. From statistical analysis, it was found that the complemented form, overall, has a
statistically smoother cell wall envelope as compared to the wildtype and mutant type
strains. After the scans were separated into their outside and inside regions, respectively, it
was determined that the outside regions of the mutant type had statistically rougher cell
wall envelope in 2/5 possible relationships.
Much of the current literature investigates substrate surface roughness and how the
adhesion of bacteria cells and biofilms varies, including titanium [51, 52], teeth and dental
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material [53, 54], and glass [55, 56]. Despite abundant research on the surface roughness
of bacterial biofilms [57-60], experiments for single bacteria is currently a small field.
Although bacterial biofilms are innately antibiotic resistant [61, 62], all biofilms start with
one bacterial cell, and it is imperative to understand single cell properties to understand
how they change as the colony grows. Many groups primarily utilize AFM for studying
bacteria mechanical properties [63-66]. When observing surface roughness of bacterial cell
walls, the literature supports Ra in the range of single nm [67, 68], as found in this thesis’
work. The work presented in this chapter is unique in studying the cell wall surface
roughness of S. mutans, with the addition of observing roughness in regional areas. The
deletion of the gene that controls the glycerol phosphate development in the cell wall
contributed to the change in cell wall structure that affected the surface roughness
properties and morphological properties of the mutant type strain. If the mechanical
properties can be obtained, they will aid in association with the biological properties that
may suggest to the mechanism that causes S. mutans antibiotic resistance. Through
investigation of biosynthesis pathways such as protein, nucleic acid, or metabolic
mechanisms, mechanical properties may alter, providing the information needed to
understand what components modify the bacteria’s resistance [69, 70]. The data will also
give insight to the cell wall morphological properties and how destructive biofilms are
developed.
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CHAPTER 4. MECHANICS OF DEFORMATION AND ELASTIC MODULUS BY
STRAIN

4.1

Chapter 4 introduction
The Conpokal technique provides a reliable platform for studying the stiffness of

samples that are on the micro- and nano-scale [34]. In this chapter, the scans from the QI
mode experiments on Streptococcus mutans (S. mutans) bacteria were used to study,
understand, and collect the Young’s moduli, or elastic moduli (E), values for the three
strains and their respective outside and inside regions.

4.2

Continuum mechanics and constitutive equations
The heart of continuum mechanics involves the deformation and translation of a

continuous body of material. Through well-known and applied theories, continuum
mechanics helps to guide the experimental model for studying the deformation of live
biological materials [71, 72]. To collect the Young’s modulus of the material, Hooke’s law
[73, 74], deflections of beam [75], and the Hertz’s Equation [76] are utilized to learn about
the bacterial mechanical properties and how it contributes to the antibiotic resistance of S.
mutans [77].
4.2.1 Hooke’s law
Hooke’s law dates back to the 1600’s when Robert Hooke discovered the
connection between loading and displacement stating that, for small deformations,
deformation is directly proportional to the acting force though a material property known
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as Young’s modulus or the elastic modulus [78]. The one-dimensional form of Hooke’s
law is:
𝜎 = 𝐸𝜀

(4.1)

where σ is the stress on the material, in units of force per area, or, pressure, E is the elastic
modulus, in units of pressure, and ε is the strain of the material, which is unitless, but can
also be represented by distance per distance [79]. Hooke’s law is a foundational
constitutive equation for the analysis of bacterial elastic modulus. In one-dimensional
Hooke’s law, it assumes that the material is homogenous, isotropic, and behaves linearelastically. However, on its own, Hooke’s law is too simple to be appropriately used in this
case. In order to apply Equation 4.1 to the AFM system to render E, knowledge of the stress
and strain occurring on the bacteria cell wall is necessary, therefore, the geometry of the
indenter and the contact surface needs to be included.
As the AFM tip contacts the surface, the force acting on the sample comes from the
point load resolved over the surface area of the tip attached to the AFM cantilever. This
force puts a pressure, or stress, on the sample, while the beam deflects, providing the know
deformation, such that the elastic modulus can be collected. Through beam deflection
mechanics, using the model of a cantilevered beam as the representation for our AFM
experimental system, we can determine the maximum deflection, which helps collect the
elastic modulus of the material through the following equation:

𝛿= −
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𝑃𝑙 3
3𝐸𝐼

(4.2)

where 𝛿, is the beam deflection in units of length, P is the point load, in units of force, l is
the length of the beam, E is the modulus of the beam material in units of pressure, and I is
the second moment of inertia, in units of length raised to the 4th power [80]. The deflection
of the cantilever from contact with the sample can be calculated from Equation 4.2.
4.2.2 Hertz’s Equation
In the late 1880’s, German physicist, Henrich Hertz discovers the relationship
between the contact of two objects through continuum mechanics theory [81] for the
purposes of understanding how two materials’ adhesion act on the other during interaction.
The Hertz/Sneddon (Hertz) Equation model used for this experiment is the variation in
which a half-sphere geometry contacts an infinite surface. Here, the half-sphere is the
rounded surface geometry of the AFM tip interacting with the, assumed, sample surface
and/or substrate. The following equation determines the elastic modulus of a material
through a priori knowledge of the force and deflection collected by the AFM system:

𝐹=

4√𝑅𝑐 𝐸
3
𝛿 ⁄2
2
3 1−𝜈

(4.3)

where F is the force, Rc is the radius of tip curvature, in units of distance, E is the elastic
modulus, ν is Poisson’s ratio, which is assumed to be 0.5, denoting an incompressible
material and a common value used to represent biological tissues (cells, lipid bilayers,
vesicles) [82-84], and δ is the deflection [85]. This form of the Hertz Equation assumes the
sample being indented is an absolute linear elastic behaving solid, with isotropic properties,
that occupies an infinitely extending half space, perpendicular to the contact direction of
the probe. It is also assumed that the indenter does not deform under loading, and such
indentation into the sample is negligible in comparison to the sample thickness. From the
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force-displacement data collected by the AFM, Equation 4.3 is rearranged to solve for E,
represented as

𝐸= −

where 𝛿

3⁄
2

3𝐹(𝜈 2 − 1)√𝑅𝑐
4𝛿

3⁄
2 𝑅𝑐

(4.4)

≠ 0, 𝑅𝑐 ≠ 0, and 𝜈 2 ≠ 1. Using this Hertzian Equation, the measured force

and displacement, and the data processing software, the elastic modulus of the bacterial
cell wall is obtainable. This chapter explores that research on S. mutans bacteria.
The geometry of the AFM tip determines which version of the Hertz model to
employ as there are many geometries including parabolic, spherical, conical, pyramidal,
and cylindrical. The tips used in these experiments were of a parabolic geometry, thus
requiring Equation 4.3.

4.3

AFM mechanics
AFM experimentation provides height maps using the QI mode, where, within the

data processing software, elastic modulus maps are available to generate. An example scan
of an S. mutans bacterium is shown in Figure 4.1, with the height map scan and associated
modulus map. The modulus value varies depending on the location of the bacterium, but,
in general, is increased at the center of the cell, around 5 MPa, and decreased near its edges,
around 0.5 MPa. This decreased stiffness is an “apparent” value, as the “rings” that appear
around the edge of the bacterium in Figure 4.1B are due a tip artifact. This phenomenon
occurs when the tip is contacting the edge of the cell where the bacteria sample against the
glass substrate is steeper. Additionally, as the tip scans, the cell is most likely translocating
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slightly, due to the motion of the AFM, also contributing to the “ring” effect [86]. During
experimentation, the AFM chip is slowly lowered to the sample surface, where the AFM
tip first touches the very first atoms in the sample. The system continues to lower the chip
towards the sample and begins to bend the cantilever in a concave manner. As the cantilever
bends, the laser reflecting off the backside of the tip onto the detection panel moves, which
tracks the displacement changes of the tip into the sample. The chip is lowered into the
sample until the set voltage or force, whichever is set by the user, is achieved. Once
reaching that value, the system retracts the cantilever and comes off of the sample surface,
intending to retract enough to detach from the surface, in which case, will have some
adhesion. For the purposes of this study, the setpoint was 1.68 nN, the z-length was 476
nm, the scan speed was 150 μm/s. The AFM system tracks these displacements and forces
in order to create a force-displacement graph. Example force-displacement curves are
shown in Section 4.4.

Figure 4.1 Height and modulus map for bacteria. AFM capabilities depicting (A.) AFM
scan of bacterium and (B.) Young’s modulus map of the same bacterium.
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4.4

JPK-Bruker data processing
To begin, the QI data files are opened, one at a time, and put through a batch

processing. Our procedure begins with the 300 nm x 300 nm scans, where we select the
Hertz fit option. The Hertz option fits the data best because it fits within the assumptions
using a half-sphere geometry tip to contact an infinite surface, in this case, referring to the
bacteria on the glass substrate. The batch processing first undergoes calibrating the vertical
deflection, in which the sensitivity and spring constant of the calibrated tip are either
manually entered (values that were recommended to be noted once tip calibration was
complete, from Chapter 2) or automatically generated from the respective thermal noise
file. To obtain elastic modulus from the experiment and the force-displacement graph
several JPK analysis steps need applied to each extension curve. After selecting the
appropriate Hertz model, in this case, the parabolic model, the curve is adjusted to remove
any offset or tilt that may have been present during AFM data collection, since the tilt is
not part of the Hertz fit. For this experiment, the back ~70% of the curve is corrected. The
remaining ~30% of the curve is used later for Hertz model fitting and is also represented
in Figures 4.3 and 4.4. Next, the contact point is estimated by the analysis software, which
occurs at the point where the force curve crosses over the zero-force line. The system
readjusts the axes to set this point as the datum. Finally, before the Hertz model is officially
applied, a vertical tip position function is employed to correct the height due to cantilever
bending. The difference between piezo motor movement and cantilever vertical deflection
is calculated to generate the indentation depth. Now, the model can be utilized to determine
E for each force curve.
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An example force-displacement graph is show in Figure 4.2. This curve is
representative of raw collected data, before any software analysis is applied, specifically
on the complemented type bacteria cell represented in Figure 4.5E. Figure 4.3 is the same
graph from Figure 4.2, but with baseline subtraction, contact point determination, located
at the new datum (0,0), and tip sample separation software functions applied. Figure 4.4 is
the same graph from Figure 4.3, zoomed in to focus on the contact point and area where
the Hertz model will fit the data. The model fit is shown in Figure 4.5, using the same
force-displacement graph from Figures 4.2, 4.3. and 4.4. One graph is generated for each
pixel the user set for that specific scan. The more pixels included in the scan, the better the
image resolution, but in doing so, the time is takes to complete the scan is dramatically
increased, as well as the file size. Once a scan is complete, it is put through the data
processing software, where the Hertz’s Equation, is applied to render a Young’s modulus
value for each pixel, generating a modulus map of the scan.
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Figure 4.2 Raw force-displacement curve data. Representative force-displacement graph
collected by the AFM during QI mode experimentation on S. mutans cell wall before any
JPK software analysis performed. Each curve contains an approach curve, measurements
taken while the tip is approaching and contacting the sample to set indentation depth, and
a retraction curve, measurements taken while the tip is retracting from the sample.
Hysteresis occurs between the two curves due to viscous and plastic behavior of the
bacteria cell wall [87].

41

Figure 4.3 Analyzed force-displacement curve. Force-displacement graph from Figure 4.2,
after baseline subtraction, contact point determination, and tip sample separation, but
before applying the elasticity fit.
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Figure 4.4 Force-displacement curve contact point region. Force-displacement graph from
Figure 4.3, zoomed in to focus on contact point of AFM tip to sample, before elasticity fit.

43

Figure 4.5 Force-displacement curve fitted with Hertz fit. Force-displacement graph from
Figure 4.4 with elasticity fit applied (Hertz parabolic model), showing good agreement
between the collected curve and the Hertz model. The tip, in this curve, indents the sample
about 15 nm.
Depending on how many force curves were in the scan will affect how long it takes
the software to process each curve. If the software determines that there was poor contact
and the fit does not apply, it will fill in the pixel with a maximum or minimum value,
depending on what the user chooses. Typically, the software determines a poor fit if the
scan reflected too much noise, if the contact was poor, such that the tip never contacted the
surface or possibly indented too much, or debris was in the way. If the Hertz fit was not
agreeable through batch processing, the analysis software did not process the curve.
Instead, during batch processing, the software asks the user if the unprocessed curves
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should be replaced by a minimum value or maximum value. For the thesis’ purposes, 300
nm x 300 nm regions were scanned at 256 pixels x 256 pixels, providing 65,536 elastic
moduli values for each individual scan.
Once the data processing is complete, a 150 nm x 150 nm area within the 300 nm
x 300 nm scan is selected (in the same manner discussed in Chapter 3), focused on filtering
out any potential septal, annuli, or glass substrate regions to avoid bias from components
that are not a part of the perceived smooth cell wall. These 150 nm x 150 nm regions are
analyzed for average elastic modulus using the Hertz model. Figure 4.6, below, shows the
process of analyzing the scans and then selecting the region to be considered for each strain
type.
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Figure 4.6 Height and moduli maps for S. mutans. Wildtype, mutant type, and
complemented form height map scans (A, C, E,), respectively, with inset 300 nm x 300 nm
scan, analyzed for elastic modulus, and inset 150 nm x 150 nm digital crop for elastic
modulus map analysis. (B, D, F) 150 nm x 150 nm elastic modulus maps for wildtype,
mutant, and complemented S. mutans cell walls, respectively.
4.4.1 Elastic modulus by strain
To complete the elastic modulus analysis, the scans used for surface roughness
determination were utilized. With the JPK-Bruker QI mode, using the force-deflection data
allows the user to resolve the elastic modulus relatively quickly. After using the forcedisplacement curves from scanning 128 times over 24 dishes of the three strains, Figure
4.3 and Table 4.1 were achieved. Figure 4.3 shows the average elastic modulus of each
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scan for the three strain types. Average E for wildtype is 5.67 ± 1.9 MPa for 29 iterations.
Average E for mutant type is 5.93 ± 2.8 MPa for 26 iterations. Average E for complemented
type is 5.91 ± 2.9 MPa for 28 iterations. Data are expressed in the form of average E ±
standard deviation, for each strain, respectively. Therefore, all three strains had calculated
average E values on the order of 5 - 6 MPa. From the force-displacement curves, Figure
4.7 and Table 4.1 were achieved. Figure 4.7 shows the average elastic modulus of each
scan for the three strain types. Each dot on the figure represents the average of 65,536
elastic moduli values. The horizontal bars represent the mean of these average values. For
example, for wildtype, the horizontal bar represents the average for 1,900,544 elastic
moduli values. The vertical bars are the standard deviation. The elastic modulus averaged
on the order of 6 MPa for all three and the standard deviation for each strain was on the
order of 2 MPa. Using a Student’s t test, p-value < 0.05, for statistical analysis, no
significant relationships were determined suggesting that the values collected during
experimentation come from the same population. Student’s t test was employed due to the
large number of samples that were collected. The elastic moduli values produce a
lognormal distribution; however, t-tests are rarely affected by non-normal data sets when
the number of samples is high [88-90]. P-values are listed in Table 4.1, below.
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Figure 4.7 E, overall. Average Young’s modulus for wildtype, mutant, and complemented
S. mutans strains, respectively. Horizontal bars represent the mean. The error bars represent
standard deviation. Student’s t-test evaluation for p-value < 0.05, yielded no significant
relationships.
Table 4.1 E, overall, p-value table. P-value table depicting significant relationships based
on Student’s t-test of p < 0.05 for Young’s modulus. Blue shows relationships with no
significance.

WT
WT
MT
Comp
Iterations

x

MT
0.630
x

29

26
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Comp
0.668
0.913
x
28

4.4.1 Elastic modulus by strain and region
From the surface roughness experiment, the collected AFM data was also split into
regions between the pole of the cell wall and the annulus (called the “outside”) and between
the annulus and the septum of the cell wall (called the “inside”). Figure 4.8 shows the
average elastic modulus of each scan for the three strain types in their respective outside
and inside regions. Average E for wildtype outside is 5.49 ± 1.9 MPa with 18 iterations
and 5.98 ± 2.0 MPa with 11 iterations for inside. Average E for mutant type outside is 6.24
± 3.1 MPa with 14 iterations and 5.68 ± 2.5 MPa with 12 iterations for inside. Average E
for complemented type outside is 6.46 ± 2.5 MPa for 14 iterations 5.36 ± 1.8 MPa with 14
iterations for inside. Data are expressed in the form of average E ± standard deviation, for
each strain and region, respectively. In Figure 4.8 below, we find that the elastic modulus
based on the strain type and region averaged between 5 MPa and 6 MPa for all average
moduli values between the three strains. The standard deviation on each strain and region
was between 1 MPa and 2 MPa, suggesting that there were a respective range of elastic
moduli values found within the 150 nm x 150 nm areas. However, the means and standard
deviations were similar, which yielded in statistical analysis that they seem to emanate
from the same population, due to the lack of significant relationships. A p-value table for
all strains and regions is below in Table 4.2.
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Figure 4.8 E, regional. Average Young’s modulus for outside and inside wildtype, mutant,
and complemented S. mutans strains, respectively. The error bars represent standard
deviation. Student’s t-test evaluation for p-value < 0.05, yielded no significant
relationships.
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Table 4.2 E, regional, p-value table. P-value table depicting significant relationships based
on Student’s t-test of p < 0.05 for outside/inside regions of Young’s modulus. Blue shows
relationships with no significance.

WT out
WT in
MT out
MT in
Comp out
Comp in
Iterations

4.5

WT out
x

WT in
0.517
x

MT out
0.401
0.809
x

18

11

14

MT in Comp out Comp in
0.810
0.220
0.848
0.756
0.608
0.432
0.617
0.838
0.360
x
0.432
0.702
x
0.189
x
12
14
14

Chapter 4 conclusions
The Conpokal technique was successful for observing Young’s modulus and

collecting modulus maps of the three strains of bacteria. Using statistical analysis, no
significant relationships between the strain types and their regions were determined,
concluding that average E (MPa) remained the same, despite altering the cell wall of the
bacterial envelope. This finding suggests that the elastic modulus, or stiffness, of the cell
wall does is independent of the specific genetic alteration that contributes to antibiotic
resistance in the bacteria species or its susceptibility to therapeutics for S. mutans for this
experiment.
Single bacteria and biofilm antibiotic resistance studies have been and are being
investigated by labs, utilizing various methods, and on different bacterial species.
Specifically, other labs have investigated the stiffness of S. mutans biofilms using similar
methods mentioned in this study. Biofilms are colonies of bacteria surrounded by their
extracellular polymeric substance [91]. Biofilms, shown in Figure 6.1, are colonies of
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bacteria surrounded by their extracellular polymeric substance [91]. Known for being
persistent and highly antibiotic resistant, current methods to eradicate them involve
mechanical means, such as scrubbing and water jetting [61, 62]. One lab utilized an
inverted confocal microscope with a loading device to exact compressional loading with a
glass bead on the biofilm, determining a viscoelastic, Maxwell model, biofilm stiffness of
1-8 kPa for E1 (storage modulus) and 5-10 kPa for E2 (loss modulus), grown under still
conditions [92]. Two other labs investigated culturing S. mutans biofilms under shear,
determining shear moduli of 10-1,000 Pa, through a creep test [93], and 1,900 ± 3,800 Pa,
also with rheometer creep and shear tests [94]. In an experiment performed by Liu et al
using AFM to measure the elastic modulus of S. mutans-containing biofilms, the moduli
increased as culture time increased. For a 24-hour culture, it was determined that the
biofilm stiffness was about 1.5 GPa [95]. From the literature, S. mutans biofilm stiffness is
investigated using varying techniques, producing a range of elastic moduli values.
Although characterization of S. mutans biofilms is important for understating and
improving oral health [96, 97], every biofilm begins with a single cell, supporting research
to investigate single bacterium properties for the greater understanding of bacterial species
and their antibiotic resistant properties.
Currently, the research discussed in this chapter is some of the first on the elastic
modulus of single cell S. mutans. However, the elastic modulus of single cell bacteria has
been explored on other Gram-positive and Gram-negative bacterial strains. In an AFM
experiment performed by Jin et al, in addition to observing the effects of photoinactivation
on elastic modulus, the group also researched the stiffness on native Staphylococcus aureus
(S. aureus) and Escherichia coli (E. coli), Gram-positive and Gram-negative species,
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respectively, that were dried in nitrogen. Elastic modulus was determined for the native
species at 1.33 ± 0.21 MPa and 3.70 ± 0.30 MPa for S. aureus and E. coli, respectively
[98]. Although these results are also on the order of single MPa, the result was done in a
dry environment, as compared to the liquid AFM experiments mentioned in this chapter.
The future of studying the stiffness of bacterial cell walls may be surface level for
other species, or perhaps, larger surface areas and deeper indentation should be considered
and explored to better understand how the elastic modulus varies over different regions of
the cell wall.
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CHAPTER 5. THESIS SUMMARY

5.1

Thesis summary overview
The purpose of this research was to culture, examine, and test planktonic

Streptococcus mutans (S. mutans) for their morphological and mechanical properties to
investigate and better understand their antibiotic resistance. By use of the novel Conpokal
technique, which combines a confocal laser scanning microscope with an atomic force
microscope, near-simultaneous image and force-deflection data is achieved. Three strains
of S. mutans, a wildtype (WT), mutant type (MT), and complemented form (Comp), were
cultured and evaluated for their morphology, surface roughness, and Young’s modulus for
the first time in single bacteria form. Mechanical properties were separated into their
“outside” and “inside” regions, meaning their pole to annulus and annulus to septum
regions, respectively. The following conclusions were drawn on the bacterial properties of
S. mutans as a result of the glycerol phosphate deletion (mutant strain) or re-addition
(complemented strain).

5.2

Reported properties

Morphology
1. The morphology for the WT and Comp strains are found to be more ovular
or “pill-like” where they both reproduced in long chains.
2. The morphology for the MT strain is found to be more spherical or “balllike” where it reproduced in small colonies or clusters.
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Surface roughness (Ra)
1. The average surface roughness (Ra) for the WT is 1.71 nm ± 0.4 for 32
iterations, for the MT is 1.88 ± 0.6 nm for 28 iterations, and for the Comp
is 1.53 ± 0.2 nm for 30 iterations.
2. Relationships of WT/Comp and MT/Comp were statistically significant
using a Student’s t test and a p < 0.05.
3. The Ra for outside and inside WT are 1.77 ± 0.4 nm and 1.62 ± 0.3 nm for
20 and 12 iterations, respectively.
4. The Ra for outside and inside MT are 2.11 ± 0.7 nm and 1.62 ± 0.4 nm for
15 and 13 iterations, respectively.
5. The Ra for outside and inside Comp are 1.58 ± 0.2 nm and 1.48 ± 0.3 nm
for 16 and 14 iterations, respectively.
6. Relationships of MTout/MTin and MTout/Compout, are statistically significant
using a Student’s t test for p < 0.05.
Young’s modulus (E)
1. The average E for WT is 5.67 ± 1.9 MPa for 29 iterations, for MT is 5.98 ±
2.8 MPa for 26 iterations, and for Comp is 5.91 ± 2.9 MPa for 28 iterations.
2. No statistically significant relationships are determined using Student’s t
test for p < 0.05 for the WT, MT, and Comp strains.
3. The average E for outside and inside WT are 5.49 ± 1.9 MPa and 5.98 ± 2.0
MPa for 18 and 11 iterations, respectively.
4. The average E for outside and inside MT are 6.24 ± 3.1 MPa and 5.68 ± 2.5
MPa for 14 and 12 iterations, respectively.
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5. The average E for outside and inside Comp are 6.46 ± 2.5 MPa and 5.36 ±
1.8 MPa for 14 and 14 iterations, respectively.
6. No statistically significant relationships are determined using Student’s t
test for p < 0.05 for the WTout, WTin, MTout, MTin, Compout, and Compin
strains.

5.3

Recommendations for future work
Bacteria come in healthy and unhealthy forms. Healthy forms of bacteria, such as

probiotics, are found in the gastrointestinal tract. These probiotics aid in proper food
digestion and fighting off the unhealthy bacteria [99]. When the body cannot fight off the
unhealthy bacteria, a bacterial infection develops, typically combatted with modern
medicine and antibiotics. However, if the bacterial strain is antibiotic resistant, chemical
means of battling the infection will be futile. In the case of S. mutans, the property, or
properties, attributing to its antibiotic resistance is still not confirmed.
The glycerol phosphate modification in the mutant type previously showed the
strain’s susceptibility to therapeutics, unlike the wildtype or complemented strains [77].
Therefore, it is recommended that a few more steps are necessary to take with the project
to better understand and quantify the antibiotic resistance property, or properties, of S.
mutans bacteria.
Recommended steps
1. One issue that occurred in preliminary and early studies of the S. mutans
was their tendency to move, causing difficulty in scanning, and reproduce,
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causing the eventual development of a biofilm, which required
immobilization and cross-linking through the use of poly-l-lysine and
paraformaldehyde, respectively. However, fixatives are known to cause an
increase in stiffness in biological tissues [100]. Therefore, future work on
this study should include investigation of other possible substrates.
Membranes have been used to isolate single bacterial cells, where the cell
becomes trapped in the pore for bacterium evaluation [101]. This method
may provide a better opportunity to study planktonic S. mutans mechanical
properties without the addition of a fixative.
2. The alignment of the polymer chains within the cell wall of the bacteria may
change due to the glycerol phosphate modification, causing the
morphology, and potentially, the mechanical properties to change, which
may affect antibiotic resistance. By observing the kurtosis of the cell wall,
it may provide more insight to how the peptidoglycan layer reproduce in
each strain [102]. It is recommended to use Cytospectre to analyze the
kurtosis of the cell wall [103]. We hypothesize that the mutant type bacteria
would show higher kurtosis, or more peakedness, as opposed to the other
two strains.
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CHAPTER 6. EXPLORATORY WORK

6.1

Bacterial biofilms
Bacterial biofilms are colonies of bacteria microbes surrounded by their secreted

extracellular polymeric substance (EPS) which contains proteins, extracellular DNA, and
lipids. Biofilm properties, such as thickness, antimicrobial resistance, adhesion, and
stiffness, are unique to the bacterial strain and other biofilm components [91, 104, 105].
Figure 6.1 depicts the growth and life cycle of a common biofilm. Biofilms are notoriously
antibiotic resistant, which makes treating infections caused by them, typically affecting
medical implants, extremely difficult [61]. As discussed in Chapter 3, the mechanism that
provides bacteria and biofilms with their antimicrobial properties is still unknown and
being researched in the current literature [106-109].

Figure 6.1 Schematic of a biofilm. Schematic of biofilm formation and reproduction
(adapted from Stoodley et al [110]).

58

For patients that require a medical implant, surgery is always risky because there is
a likely chance that a bacterial infection or biofilm can develop that inhibits implantation
of the device, potentially causing pain for the patient or loss of the implant, for example,
in dental implants [111]. The likelihood of a biofilm developing on non-sterile surfaces is
very high, including the international space station (ISS) [112]. When a mission is taking
place on the ISS, between the ascension to the station and its inhabitants, it is impossible
to keep a sterile environment. The astronauts therefore must take special care to stay clean
and conduct their science in a careful manner, as medical assistance is extremely limited.
In previous studies, biofilms grown in space, or variable gravity, have presented different
properties than those grown on Earth. This scientific prospect is important to understanding
how microgravity-grown biofilms properties vary from their Earth counterparts [113, 114].
Through a NASA funded grant, the aim is to grow identical biofilms of Streptococcus
aureus (S. aureus), a prevalent ISS bacteria [115, 116], in both normal gravity and
simulated microgravity to asses for their thickness, elastic modulus, and antibiotic resistant
properties. Through use of the Synthecon’s bioreactor with a high-aspect-ratio-vessel
(HARV) that rotates, seen in Figure 6.2, microgravity and normal gravity biofilms will be
cultured and put under the Conpokal instrument to view thickness via the confocal
microscope and collect elastic modulus with the atomic force microscope (AFM) to
compare biofilm properties.
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Figure 6.2 Synthecon’s rotating HARV.

6.2

Alveolar macrophages
The lungs are one of many essential organs to sustain life in mammals, birds, and

reptiles. In human beings, acute lung injury (ALI) is a common diagnosis with about
200,000 cases per year, in the United States of America, alone, with a mortality rate of
about 40% [117]. ALI may develop as a result of a physical trauma (e.g. car accident) or
from another infection (e.g. sepsis) [118]. Although nonventilatory options exist to aid
patients with ALI, such as fluid management to decrease intravascular pressure [119], the
most common practice is to utilize a ventilator or a pulmonary-artery catheter to help the
patient continue to breathe and distribute oxygen to the body [120]. However, patients that
go on a ventilator have been known to develop additional injury due to high concentrations
of oxygen. A related study has shown that in alveolar epithelial cells exposed to hyperoxia
become stiffer due to formation of filamentous actin [121]. In this study, cells exposed to
hyperoxia became stiffer, with greater actin development than normoxia cells due to the
GTPase RhoA and effector Rho Kinase (ROCK). However, a compound (Y-27632) that
inhibits ROCK was administered to the cells treated with the hyperoxia condition
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decreased the cell stiffness and cytoskeletal changes. This experiment inspired the
following work to investigate alveolar macrophages under the same conditions to observe
cytoskeletal and elastic modulus changes.
The Grady Lab collaborated with Dr. Christopher Waters’ group in the Department
of Physiology at the University of Kentucky to begin this research. Alveolar macrophages
were harvested from mice and incubated under normoxia, hyperoxia, and hyperoxia + Y27632 conditions and then brought to the Conpokal for a blind study. The Conpokal
technique was implemented to obtain epifluorescence images via the confocal microscope
and stiffness values via the AFM. Figure 6.3 shows how the inverted optics of the confocal
microscope allow the user to view the bottom-side of the macrophages in epifluorescence,
in addition to the AFM tip. JPK-Bruker PFQNM-LC-A-CAL tips with stiffness of 0.1 ±
0.03 N/m were implemented for their cantilever stiffness and tip height of about 15-20 μm,
which is extremely useful for cells that are tall or have larger heights. Force spectroscopy
mode was implemented to create 5 μm x 5 μm maps on the top of the cell wall. Figure 6.4
shows a macrophage under epifluorescence with height maps overlayed where the AFM
tip probed the cell. Two iterations were performed atop of each cell for force-deflection
curve and stiffness consistency. The force-deflection curves were processed with a Hertz
fit in the JPK analysis software, described in Chapter 4. Elastic moduli values were plotted
into force maps and overlayed onto the same cell as the height maps. The force maps
provide a visual for observing varying stiffness at the apical plane of the cell which can be
correlated with the actin development due to the treatment and condition the cell was
exposed to.
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Figure 6.3 Alveolar macrophages under epifluorescence. (a) Confocal image of alveolar
macrophages with DAPI (nucleus) and Phalloidin (actin filaments) stains and AFM tip on
left side. (b) Center macrophage cell from (a). Scale bar is 25 µm.

62

Figure 6.4 Alveolar macrophages force and moduli maps. Confocal image of single
alveolar macrophage with (a) force spectroscopy map and (b) modulus map overlayed. (c)
and (d) show modulus maps in greater detail. The black box in (d) is a Hertz fit curve that
was omitted due to poor tip-cell contact.
The future of this study is to continue to test the three conditions for live elastic
moduli values and observe actin development as a result of the treatments. Use of the laser
scanning confocal microscope will help to collect three-dimensional z stack images to view
actin filaments and cell thicknesses. Through a series of sample iterations using force
spectroscopy from the AFM, elastic moduli values will be collected and averaged to
compare stiffness across the conditions. This information will help draw conclusions about
how macrophages behave in normoxia, hyperoxia, or treated hyperoxia as compared to the
alveolar epithelial cells. It may provide the mechanism for why ALI patients tend to
develop extra trauma as a result of ventilator treatment through the damage of alveolar
epithelial cells and macrophages.
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6.3

Astrocytes
Due to their star-shaped morphology, astrocytes are appropriately named, brain cells

that are a key component to physiology. Their main function is to maintain homeostasis
within the brain [122]. As part of the central nervous system (CNS), these glial cells are
five times more abundant than neurons. Reactive astrocytosis, or astrogliosis, is an
astrocyte’s response process to physical and/or mental injury the CNS has incurred [123].
Additionally, astrocytes act both as a support for neural tissue and mark diseased tissue
using astrogliosis [124, 125]. Although physical trauma and aging can impair or damage
glial cells [126, 127], nicotine addiction has been found to cause issues with the
glutamatergic system [128], causing processing problems with the neuronal networks in
rodents, and also delayed or uninterested reward-seeking behavior [129, 130]. Tobacco
contains nicotine, which is likely to be the highly addictive component in most cigarettes
and smoking paraphernalia. Smoking has been shown to cause multiple types of cancers,
cardiovascular, and respiratory infections, a global health problem [131-133].
Through collaboration with Dr. Christopher Richard’s group in the Department of
Chemistry at the University of Kentucky, the experiment researched morphological and
functional changes on astrocyte properties with and without the addition of nicotine (Surya
et al, under review). Specifically, the investigation included observing time dependent cell
remodeling, calcium ion levels, morphology of processes, reactive astrocytosis, and cell
volume based on exposure to nicotine. As a collaborator on the project, Conpokal [34] was
employed to observe the morphological changes in untreated and treated astrocytes. Due
to the size of the astrocytes, on the order of 12-15 µm [134], and their liquid environment,
Conpokal was the most optimal technique to measure the cell soma heights and fine
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processes lengths. Confocal imaging and scanning electron microscopy (SEM) are also
great techniques to use on small materials, however AFM offers better resolution than most
confocal microscopes and SEM utilizes a vacuum system, thereby killing the sample. Other
groups have also performed in situ studies on astrocytes using AFM [135, 136], however
none have observed the effects of nicotine on the morphological properties of the cells.
Astrocyte cells were cultured according to the method described in Aryal et al.
Conpokal was performed on the cells using the technique in Chapter 2. CLSM was used to
find fluorescent regions of the cell to ensure AFM tip alignment for scanning. Figure 6.5(ad) shows AFM scans for control and doped astrocytes, including data on the height of the
cell soma and the length of the fine processes. In Figure 6.5(e) and (f) a Student’s t test was
performed to test for significance, in which *p < 0.01 for 18 cells and **p < 0.01 for 18
processes. The data from the statistical analysis was expresses in the form of mean ± SEM
(standard error of mean) from 3-4 independent Conpokal experiments. These results show
that the addition of nicotine decreases the average height of the cell soma and increases the
average length of fine processes. In addition, astrocyte cells exposed to nicotine were found
to increase the cell volume, in vivo, induce time-dependent remodeling of processes, and
increase Ca2+ activity in the cell soma and processes, having a greater overall effect in the
processes themselves. Figure 6.6 was generated to schematically depict the main effects of
nicotine exposure to mice astrocyte cells.
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Figure 6.5 Controlled and nicotine-doped astrocytes AFM data. AFM study of the effect
of nicotine on astrocytic cell soma and fine processes. (a) and (b) Representative AFM
images of fixed astrocytes with and without treating with 1 μM nicotine for 24 hours
(scalebar = 20 μm). (c) and (d) Representative AFM images of control and 1 μM nicotine
treated astrocytes for 24 hours showing fine processes projecting from proximal processes
(scalebar = 1 μm). (e) Quantification of the height of the cell soma in control and nicotine
treated astrocytes. (f). Quantification of fine processes in control and nicotine treated
astrocytes (adapted from Aryal et al, under review).
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Figure 6.6 Effects of nicotine on astrocytes schematic. Schematic of astrocyte remodeling
due to the influence of nicotine (adapted from Aryal et al, under review).
This work is currently in the publishing process and under review for submission
to academic journal Glia.
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